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Abstract

The need for more efficient batteries and fuel cells to be used for vehicle propulsion, photovoltaic energy storage, and
self-contained power sources has led to increased effort in the development of improved materials with high proton
conductivity. In this paper, we outline the utility of neutron scattering methods in conjunction with first-principles
total-energy calculations for characterizing the structure and proton dynamics in such materials, namely,
SrCe Sc O H , Ba In O H and RbHSO .q2001 Elsevier Science B.V. All rights reserved.1yx x 3yd y 2 2 5qd 2d 4
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1. Introduction

Materials with high protonic conductivity are can-
didates for electrolytes in sensors, batteries, and solid

w xoxide fuel cells 1 . The typical protonic conductors
developed a couple of decades ago were mainly

w xacidic or hydrous inorganic compounds 1,2 . Later,
entirely different classes of materials gained increas-
ing recognition as potential proton conductors in-
cluding polymers, oxide ceramics, and intercalation

w xcompounds 2 . This has led to increased interest in
experimental and computational techniques that can
provide detailed atomistic information about proton
incorporation and dynamics in these systems. In this
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w xrespect, neutron scattering 3 is a useful probe of the
proton dynamics and thus the proton conductivity
mechanism in these materials because of the rela-
tively large neutron scattering cross-sections for
hydrogen. Furthermore, thermal neutrons have wave-
lengths and energies that are comparable with inter-
atomic distances and typical solid state excitations,
respectively. Thus, neutrons may be used to investi-
gate atomic structures, probe dynamical phenomena,
and determine the spatial character of an excitation
in a manner unmatched by other spectroscopic probes
w x3,4 .

The power of neutron scattering as a probe of
proton dynamics can be further enhanced by combin-
ing it with the predictive power of first-principles

w xdensity functional calculations 5 . With today’s
available computer power, it is now possible to pre-
dict structural and dynamical properties of many new
materials using first-principles calculations based on
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Ž .density functional theory DFT within the local
Ž .density approximation LDA . For example, by com-

paring the measured neutron inelastic spectrum and
calculations, we can unambiguously identify the hy-

w xdrogen modes observed in the spectrum 5 .
In this paper, we review the utility of neutron

scattering methods in conjunction with first-princi-
ples calculations for characterizing the nature of the
proton–lattice interactions and associated proton dy-
namics. We hope that such information will help
foster the development of new solid state protonic

Ž .conductors SSPCs with higher proton conductivity.
In the next section, we will briefly describe different
neutron techniques and then present some data and
calculations on three classes of protonic conductors,

Žnamely, SrCe M H O perovskites where M1yx x y 3yd

.sSc, Nd and Ho , Brownmillerite-structured oxide-
Ž .based protonic conductors i.e. Ba In O , and al-2 2 5

kali hydrogen sulfate RbHSO .4

2. Neutron scattering techniques and calculations

We have used a variety of neutron scattering
techniques at the NIST Center for Neutron Research
Ž .NCNR to investigate proton dynamics in solid state

Ž .proton conductors SSPCs . All the neutron measure-
ments reported here were performed using the beam

w xlines at the NCNR 6,7 . The first-principles total-en-
ergy and force calculations have been performed
using the pseudopotential planewave code CASTEP
w x8 . The results have been obtained within the gener-

Ž .alized gradient approximation GGA using a 400-eV
cutoff energy, k-point sampling with k-spacing of

˚ y10.07 A , and ultrasoft pseudopotentials. All the
energies converged within 0.5 meVratom. The

Ž .zone-center phonons i.e.Qs0 were obtained by
forming the dynamical matrix using the direct-force

w xmethod with finite displacement 5 .

2.1. Neutron powder diffraction

Similar to X-ray diffraction, neutron powder
Ž .diffraction NPD is invaluable for determining the

w xstructure and purity of condensed phase materials 6
such as the SSPCs via Rietveld refinement. How-
ever, unlike X-rays, structures obtained from neutron
diffraction are usually more accurate because neu-

trons are scattered directly from the nuclei rather
than the atomic electrons. In addition, elements such
as H and Li, which are almost invisible to X-rays,

Žcan be probed by neutrons. Hence, if the protons or
.more appropriately the deuterons for NPD in the

SSPCs are located in structurally unique crystallo-
graphic positions, then NPD can also provide infor-
mation about their location in the lattice.

In order to demonstrate the power of NPD, we
present here our preliminary in situ structural study
of hydration phases of the Brownmillerite-type oxide
Ba In O . These materials have been attracting at-2 2 5

tention recently as possible fast proton conductors
w xfor use in solid oxide fuel cells 9–11 . The structure

of the A B O compounds is derived from the2 2 5

ABO perovskite structure in which the tetravalent B3

cations have been completely substituted by cations
one less in valency. To maintain charge balance,
one-sixth of the anions are removed, and therefore,
the Brownmillerite structure has a high concentration
of oxygen vacancies. X-ray diffraction measurements
indicate that these vacancies are trapped in ordered
parallel rows, inhibiting rapid oxygen-anion conduc-

w xtion at moderate temperatures 10,11 . This suggests
that hydrated A B O may exhibit pure protonic2 2 5

conduction. However, little is currently known con-
cerning the hydration process and the proton loca-
tions in these systems.

Fig. 1 shows the NPD profiles of a Ba In O2 2 5
Ž .sample in controlled humid D O air as a function2

of temperature. From this study, we clearly identified
at least two distinct hydration phases of the
Ba In O –xD O system. At temperatures above 6232 2 5 2

K, we observe only the undoped Ba In O phase.2 2 5
Ž .Rietveld refinement of this phase shown in Fig. 1

gave the precise atomic positions and confirmed the
structure which was reported from a previous X-ray

w xstudy 11 . At around 573 K, we observed a new
Ž .phase middle curve in Fig. 1 . Similarity of the

powder pattern of this phase to the undoped one
indicates that the structure is only slightly perturbed
upon light hydration. However, the Bragg peak at

Ž .low angle denoted by ‘q’ in Fig. 1 indicates that
the unit cell along thec-axis may be doubled. This
suggested that one of the two interstitial sites avail-
able in Ba In O along thec-axis was occupied in2 2 5

an ordered manner. Upon lowering the temperature
further, this phase disappears and a fully hydrated
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Fig. 1. Left: NPD pattern of Ba In O –xD O at various temperatures in humid air. Right: NPD pattern and corresponding structural fit for2 2 5 2

the undoped phase Ba In O at room temperature. The bottom pattern is the difference plot. The inset shows the refinement results for the2 2 5

structural parameters.

Ba In O phase is formed as shown in the top panel2 2 5

of Fig. 1. Most of the peak positions and intensities
of this phase can be explained from a simple ABO3

perovskite structure as initially proposed from the
w xX-ray study 11 . A Rietveld refinement based on the

X-ray model is shown in Fig. 2. However, as shown
in Fig. 1 by ‘) ’, not all the Bragg peak positions can
be accounted for by this X-ray structure. Interest-

ingly, these new peaks are at the positions expected
from a new cell with the lattice constant doubled in
the a- and b-directions. Therefore, present measure-
ments clearly indicate that the structure of the fully
hydrated Ba In O phase is not the one reported2 2 5

w xfrom the X-ray diffraction study 11 . Rather, it is a
superstructure, and because protons are invisible to
X-rays, these superstructure peaks must arise from

Ž . Ž . Ž . Ž .Fig. 2. The low left and high right angle portions of the neutron powder diffraction profile dotted line , the fit solid line , and the
Ž . w xdifference plot bottom line for Ba In O D using the X-ray model without D 11 .2 2 6 2
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proton ordering in the solid. We are currently per-
forming Rietveld refinements in order to pinpoint the
proton locations and the possible sublattice ordering

w xof the protons 12 . This effort promises to yield a
detailed understanding of the structure of these sys-
tems.

( )2.2. Inelastic neutron scattering INS

Ž . w xInelastic neutron scattering INS 7 provides a
means of probing the bonding potentials experienced
by the protons in the lattice. Since the protons bind
with oxygen from the perovskite lattice to form OHy

species, dopant-related perturbations to the vibra-
tional energies of these species would be confirma-
tion of the trapping effects of the dopant cations.
This was indeed seen to be the case from the INS

Žmeasurements of SrCe M H O MsSc, Ho0.95 0.05 x 3yd

. w x Ž .and Nd 13 illustrated in Fig. 3 left , where the
y ŽOH bending-mode energy located in the region

.above 90 meV occurs at around 115 and 105 meV
in the Sc- and Ho-doped oxides, respectively. The
corresponding mode in the spectrum of the Nd-doped
sample seems to be superimposed on the mode at 80
meV. Therefore, the bending-mode energy could be
correlated with the size of the dopant cation, gener-
ally increasing for smaller cations. Such a depen-

dence reflects changes in the lattice potential experi-
enced by the protons, which ultimately affects the
proton jump rates between potential wells in the
lattice.

In order to identify the features observed in the
INS spectrum shown in Fig. 3, we performed lattice

' 'dynamics calculations on a 2= 2 =1 supercell
of SrCeO . Replacing one Ce in this supercell by3
Ž .ScqH yielded a cell formula Sr Ce ScHO ,8 7 24

which is close to the experimental system. In
Sr Ce ScHO , protons can be either at the ‘un-8 7 24

Ž . Ž .doped’ U or ‘doped’ D sites. We have performed
calculations for both cases, and the optimized struc-

Ž .tures are shown in Fig. 3 middle . We found that the
Ž .doped site has a much lower energyy1.13 eV

than the undoped site. This is primarily because the
proton prefers to be closer to the Sc cation, which
has a charge ofq3 compared toq4 for Zr. Even
though the MO octahedra are quite rigid, the distor-6

tions due to the presence of the proton at these sites
are quite large, giving rise to very different vibra-
tional spectra. In both cases, the proton forms an OH

˚bond with bond lengths of 0.976 and 1.001 A at the
U and D sites, respectively. While these bond lengths
are quite similar, the distance between the proton and
the other nearest-neighbor oxygen is quite different.
This is undoubtedly due to the Coulomb interaction
between the proton and the M cation.

Fig. 3. Left: INS spectra for SrCe M H O samples, revealing three well-defined vibrational bands in the energy ranges 20–60,1yx x y 3qd

Ž . Ž .60–90, and 100–140 meV. Middle: Optimized structures when the proton is trapped at the undoped site top and at the doped site bottom .
Ž .For clarity, not all atoms are shown. Right: Comparison of the neutron vibrational spectra of SrCe Sc H O top and calculated. Dashed1yx x x 3

Ž . Ž .and dotted lines shown at the bottom are the contributions from the H–MO clusters, where MsCe U site and MsSc D site ,6

respectively.
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To investigate this further, we performed ‘em-
bedded cluster’ calculations in which the vibrational
spectrum of only the H–MO cluster is calculated6

while all other atoms are kept at their equilibrium
positions. The two tangential OHy bending modes
are found to be quite different depending on whether
the proton is at the Ce or Sc site. If it is at the Sc
site, the lowest tangential mode is found at 122.9
meV. However, if it is at the Ce site, the mode is
much softer at around 88.5 meV. Interestingly, in the

Ž Ž ..INS spectrum top curve in Fig. 3 right , we ob-
serve features at these energies upon proton addition.

ŽThe total spectrum superposition of the spectra from
.H–CeO and H–ScO clusters as well as the contri-6 6

butions from individual clusters are shown in Fig. 3.
The similarity between experiment and calculation
suggests that the mode observed near 120 meV is
due to protons trapped at the Sc sites, while some
portions of the peak near 80 meV are due to protons
at the undoped sites. In order to study this more
quantitatively, we are currently extending our calcu-
lations to different dopant types.

To further probe the hydration process and OH
formation in SSPCs, we initiated INS measurements

of the Ba In O –xH O and Ba In O –xD O sys-2 2 5 2 2 2 5 2

tems. The left panel in Fig. 4 shows our preliminary
results for the vibrational spectrum of Ba In O –2 2 5

xH O with xf0.5 and xf1 and Ba In O –D O.2 2 2 5 2

Comparing the spectra of Ba In O –xD O and2 2 5 2

Ba In O –xH O indicates that modes above 85 meV2 2 5 2

scale with the square root of proton mass. This is a
clear demonstration that these modes are due primar-
ily to hydrogen vibrations. The similarity of the
spectrum above 85 meV for samples withxf0.5
and xf1 indicates that the local environment of
protons in the lightly doped and the fully doped
phases are quite similar. However, in the fully hy-
drated phase, we observe many features around 35–
70 meV, which are most likely coupled oxygen–hy-
drogen modes. Absence of these modes in thexf0.5
sample indicates that the protons in this phase have
only a slight effect on the oxygen ions. We are also
carrying out first-principles calculations in order to
probe the bonding potentials experienced by the
residual protons. The right panel shows the INS
spectrum of thexf0.5 sample with a better resolu-
tion and a simple first-principles model calculation.
Since we do not know the actual position of the

'Fig. 4. Left: INS spectrum of Ba In O –xH O. The energy axis of Ba In O –D O is scaled by 2 to compare the two spectra. Right: A2 2 5 2 2 2 5 2
Ž .higher resolution INS spectrum of Ba In O –xH O and a model calculation bottom .2 2 5 2
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protons in the structure yet, the calculations are
carried out assuming an InO –H octahedral cluster in6

the Brownmillerite structure. The moderate agree-
ment between the data and this preliminary calcula-
tion further confirms OH formation and existence of
InO –H octahedral clusters in the system.6

The final example concerns the hydrogen dyna-
w xmics in RbHSO 14–18 . Fig. 5 summarizes the4

temperature-dependent INS measurements. First-
principles studies are underway to interpret the ex-

w xperimental data 14 . The INS spectrum shows a very
sharp peak around 99.7 meV, which is also typical
for the MsCs sample. An unusual temperature
dependence is observed for the 99.7 and 83.3 meV
peaks. Both peak intensities decrease very rapidly
with increasing temperature and almost disappear at
temperatures as low as 200 K. As shown in Fig. 5,
the modes near 100 and 83 meV decrease and in-

Ž .crease in energy about 2–4 meV with increasing
temperature, respectively. Near 200 K, these two
modes appear to collapse to form a broad back-
ground around 95 meV. This suggests that there is
significant proton motion even at this low tempera-

ture. We are currently studying this further by NPD
measurements on deuturated samples to see if we
can monitor any significant changes in the structure
at these temperatures. We believe that these modes
are related to the hydrogen motions between two
oxygen ions, which are bounded by strong hydrogen
bonds.

3. Conclusion

In summary, we present several neutron scattering
measurements in conjunction with first-principles
calculations to demonstrate the potential for these
combined techniques to provide a unique means of
characterizing the proton dynamics in the SSPCs.
Briefly, INS measurements and calculations in doped
perovskites indicated that hydrogen ions are initially
trapped randomly at the doped and undoped sites.
However, the trapping energy is lower at the doped

Ž q3. Ž q4 .site i.e. M than at the undoped site i.e. M
due to Coulomb interactions. In situ NPD measure-
ments of Ba In O clearly show two new phases2 2 5

Fig. 5. INS spectrum of RbHSO as a function of temperature. Intensities of the proton modes near 83.3 and 100 meV rapidly decrease with4

increasing temperature.
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with hydration. In the lightly doped regime, we
observed very low angle reflections, indicating a
possible doubling of the cell along thec-axis. In the
fully hydrated phase, NPD clearly shows that the
correct structure is a supercell doubled along thea-
and b-axes of the ABO perovskite unit cell. INS3

measurements in conjunction with calculations
clearly indicate the formation of OH in Ba In O2 2 5

similar to that observed in perovskites. Finally, tem-
perature-dependent INS measurements of RbHSO4

indicate a very unusual decrease in the intensity of
the proton modes near 100 and 83 meV, suggesting
that very large amplitude proton motions are present
at temperatures as low as 100 K.
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